The laparoscopic approach to upper abdominal surgery (LUAS) now includes a large variety of major procedures (Table 1) performed on larger portions of the surgical population, many of whom can be American Society of Anesthesiology (ASA) physical class 11I and IV. The sheer increase in the number of patients and the variety of operations performed should lead us to expect serious complications, which must be recognized immediately and managed appropriately. Two complications in particular, pneumothorax (? carbothorax), which is often preceded by subcutaneous emphysema, and pulmonary gas embolism, are potentially lethal. A number of case reports, articles and letters to the Editors dealing with these complications have been published. The purpose of this presentation is to collate and summarize the pertinent features of these case reports to provide a clear picture of the clinical presentation and of the differential diagnosis. An algorithm to aid in the latter is provided. The mechanisms of these complications and their management will then be discussed. As will be seen, the first sign is an abrupt change in end-tidal CO 2 tension (PETCO2). The latter can, in general, be used as an estimate of arterial PCO2 (PaCO2). There are times when this does not hold true. The arterial to end-tidal PCO2 difference may be increased in healthy and in ASA 3--4 patients during LUAS, ~ such that PETCO2 may underestimate PaCO2. End-tidal PCO2 sometimes exceeds PaCO 2 (reversed gradient), ~ thus overestimating PaCO2 Figure 1 is a graphic representation of published data showing these three possibilities. 2 We believe that an early, modest increase in minute volume to maintain PETCO2 at a constant, albeit increased, level is helpful in immediately detecting abrupt alterations in PETCO2.
Subcutaneous emphysema and pneumothorax
Subcutaneous emphysema (SCE) is not a serious complication but it may be the harbinger of pneumothorax.
Subcutaneous emphysema
The clinical presentation, accompanying problems and the diagnosis that will be presented are based on the information available in eight case reports 3-1~ of SCE in 12 patients (Table II) and the preliminary results of a prospective study.~t CLINICAL PRESENTATION In most instances, subcutaneous emphysema will be evident at about 45 min after the start, although it may appear later or only at the end of surgery. There is no apparent age or sex predilection. That complication frequently occurs during surgical manipulation around the oesophagus. I1
The most consistent finding is a sudden and brisk in-CANADIAN JOURNAL OF ANAESTHESIA crease in PETCO 2 and a very marked increase in PaCO2 (as high as 100 mmHg), 3' S coincident with the appearance of subcutaneous emphysema in the upper body (face, neck and thorax). An increase in airway pressure (Paw) or decreased lung compliance indicate the presence of pneumothorax. 4, 6, 8 This was found in most instances, but was of the tension type in only two. Bilateral pneumothoraces and pneumomediastinum also occurred (Table I1) . A brisk increase in PETCO2 should be followed by an examination of the patient for SCE and auscultation of the chest for air-entry Chest radiography is essential to verify the presence of pneumothorax, unless one is dealing with a tension pneumothorax, with its attendant haemodynamic effects, which requires immediate thoracentesis.
MECHANISM
The source of the subcutaneous emphysema during LUAS is either supradiaphragmatic (from direct injury) or infradiaphragmatic. Carbon dioxide can pass through the diaphragmatic foramina into the mediastinum and from there to the subcutaneous tissue planes of the head and neck -3,1~ Alternatively, the insufflated gas can track along a low resistance conduit from the trocar into the subcutaneous tissue planes driven by the insufflating pressure, 3,5 particularly with defective or improperly placed 3,t2 Verres needles. The gas may also be introduced directly in the thorax tollowing inadvertent perforation of the diaphragm.
PARTICULAR FEATURES
There is no clear-cut level of insufflatig pressure above which subcutaneous emphysema is more likely and no report has mentioned the volume of CO2 insufflated. In uncomplicated laparoscopic cholecystectomy (LC), 27 _+ 2.5 L CO2 may be insufllated during the first 30 min. 2 Thus, any insufflated volume greater than expected should arouse suspicion. The volume of CO2 that the lungs receive during LC with SCE is twice as large as that during uncomplicated LC, with a markedly increased PETCO 2.13 During the repair of inguinal herniae by the extraperitoneal approach (intentional SCE), the volume of CO2 delivered to the lungs and the PETCO 2 are much larger than that during uncomplicated LC. t4
Subcutaneous emphysema during LC has been reported in 9/40 patients in one study 13 and 2/10 in another report, t5 and is more likely during lengthy procedures, in particular, fundoplication during which SCE occurred in 16/25 patients. ~t Subcutaneous emphysema can cause upper airway obstruction by compression. ~6 Thus, close observation of the patient for four to six hours is necessary. In general, the emphysema will resolve within a day or two, whereas the pneumoperitoneum may persist for a week after surgery. ~7 
Pneumothorax
The following presentation of the clinical picture, pertinent features and diagnosis is based on the information available in 20 reported cases 7-~~ (Table III) . Abbreviations: M = male; F = female; LC = laparoscopic cholecystectomy; LF = laparoscopic fundoplication; V = vagotomy; lAP = intraabdominal pressure; A = change; Paw = airway pressure.
CI.INICAL PRESENTATION
This complication can occur at any time during the procedurc 3'7"8'10'18-24 but may be noted only at the end. 9"21 As with SCE, there is no predilection for age or sex, and it may occur during any LUAS. Pneumothorax is more likely to occur on the right side during LC (with two reported bilateral pneumothoraces) while performing surgery around the oesophagus, it occurred mostly on the left side. In the vast majority, SCE was noted. The three most consistent signs are an abrupt and marked increase in (I) PETCO2, (2) airway pressure (Paw) and a decrease in dynamic compliance accompanied by (3) decreased arterial desaturation (reduced SpO2). In some cases 7.~s mean blood pressure (MBP) was reduced, raising the strong possibility that in those two cases a tension pneumothorax probably occurred. There is little documentation of the insufflation pressure used. The clinical diagnosis must be confirmed by auscultation of the chest, and if possible, by an immediate radiological examination. Thoracentesis will provide immediate relief and further confirmation.
The clinical presentation of pneumothorax may be confused with that of bronchial intubation. In both, an increase in Paw and a decrease in SpO2 occur. However, with bronchial intubation, PETCO 2 should not increase initially. Further, bronchial intubation usually occurs during changes in patient position and during insufflation, which causes a cephalad shift of the diaphragm. gical manipulation. The tissue space surrounding the oesophagus is continuous superiorly with the mediastinum. As this tissue plane is opened, as for example during laparoscopic vagotomy, the insufflated gas can track up into the mediastinum and create a pneumomediastinum. Further, the mediastinal pleura might be ruptured directly during dissection resulting in a pneumothorax. 9.]7 A remotely possible route is retroperitoneal insufflation. Finally, during laparoscopic hernia repair, gas can track along the inguinal blood vessels via the retroperitoneal space and into the mediastinum. ]6
The increased intraabdominal pressure and the head up position have both been implicated as contributory factors.
MANAGEMENT I The discontinuation of insufflation and release of the pneumoperitoneum. 2 Thoracentesis 3 Hyperventilation to limit the increase in PCO 2, with the knowledge that excessive hyperventilation can be deleterious. An alternative method of treatment recently advocated is the use of 5 cm H20 positive end-expiratory pressure (PEEP). 24 The reasoning is that PEEP should reexpand the lung sufficiently to permit reasonable gas exchange. In the five patients in whom this was attempted, arterial blood gases improved and Paw decreased. 24 However, this approach may not be indicated in all cases.
SUMMARY
An abrupt and marked increase in PETCO 2 is lhe first sign of SCE and/or pneumothorax. But an increase in PETCO2 may also reflect an increased CO2 load or an increased cardiac output, t A tension pneumothorax will cause simultaneous desaturation and hypotension. The appropriate measures for either complication are (I) discontinue the insufflation temporarily (2) relieve the pneumothorax by chest tube drainage (3) increase minute ventilation. The use of 5 cm H20 PEEP may be considered.
Carbon dioxide embolism
Massive air embolism 26 has occurred during laser laparoscopic cholecystectomy with the classical signs: (a) precipitous reduction in PETCO2, (b) auscultation of a "mill-wheel" murmur (c) hypotension and (d) desaturation. We are unaware of documented cases of haemodynamically important C02 embolism during LUAS. The information regarding CO2 embolism that will be presented is from illustrative cases of CO2 embolism during gynaecological laparoscopies, from animal work and from preliminary reports utilising transoesophageal echocardiography (TEE) in patients undergoing LUAS.
Clinical presentation
Two case reports noted an increase rather than a decrease in PETCO2 . 27"28 In the first, the authors noted a sudden 10% increase in FETCO2 shortly after the detection of a "mill-wheel" murmur. 27 An increase in PETCO2, prior to the severe hypotension, was also noted in the second case report. 28 This presentation contrasts with the abrupt reduction of PETCO2 followed by hypotension 29 and the detection of the murmur. However, the sequence of events following the reported increase in PETCO2 in the first two case reports explains the reason for this difference. In the first case, 27 insufflation was immediately stopped and the pneumoperitoneum released. In the second, 28 very severe hypotension followed and further information on PETCO2 was not provided. The patient had to undergo complete cardiopulmonary by-pass to vent the trapped CO2, with full recovery. It is possible that the reported increase in PETCO 2 merely reflects the usual peritoneal uptake of CO2 prior to the embolization. This explanation is supported by the increased "noise" detected by TEE during LUAS, as will be discussed later.
Mechanism
In considering the conditions necessary for CO2 embolism during LUAS, two points should be kept in mind. The first is that CO2 is very soluble in blood, which also has a huge buffering capacity. The median lethal dose of CO2 gas embolism in dogs is 25 ml-kg -I but only 5 ml. kg -I in the case of air. 3~ That difference is due to the high solubility of CO 2 in blood compared with that in air. The other is that central venous and pul-monary artery pressures are markedly increased during laparoscopic surgery in the reverse Trendelenburg positionJ The "driving" pressure tbr embolization is the difference between intraabdominal pressure and intracardiac pressure. That pressure difference will determine the volume of gas introduced into the circulation. The CO2 must come either from massive transperitoneal uptake or by intravenous injection under pressure to tbrm a CO2 "lock." The effects of intravenously injected CO2 on PE'rCO2, mean pulmonary artery pressure (MPAP) and systemic pressures in the pig depend on the volume injected. 31 Volumes greater than 0.1 ml kg -I-min -I, ei,ther by bolus injection or by infusion, caused a reduction in PETCO2, an increase in MPAP and hypotension. Smaller volumes resulted in insignificant changes in PETCO2. The volume of CO2 required for detection by transoesophageal echocardiography was 0.26 _ 0.24 ml. kg -~ while that required to change PErCO2was 0.66 _ 0.51 ml. kg -~. The response is thus determined by the volume of CO 2 injected. Another study examined the effects of various intraabdominal pressures during CO2 insufflation on the occurrence of embolism with the vascular uptake of the gas occurring through a 5 mm cut in an iliac vein, thus more closely mimicking the clinical circumstance. 32 At intraabdominal pressures <10 cm H20, only bleeding was seen through the laparoscope. In the pressure range of 10 to 25 cm H20, the transoesophageal Doppler consistently detected gas bubbling. Pressures >25 cm H20 caused collapse of the veins and cessation of bleeding and gas bubbling. Thus, the difference between intraabdominal and intravascular pressure determines whether CO2 embolism and/or haemorrhage will occur.
Transoesophageal echocardiographic monitoring
Transoesophageal echocardiography is considered the "gold standard" for the detection of emboli) ~ Pulmonary gas emboli were detected by TEE in 10 of 15 patients undergoing laparoscopic cholecystectomy. 33 In five, the emboli occurred during insufflation and in the others during dissection, suggesting that small CO2 emboli can occur either by transperitoneal absorption or by uptake via cut vessels. However, PE'rCO2, blood pressure, heart rate and saturation were not altered during the episodes of CO2 embolism. Haemodynamically inconsequential, small echogenic dots travelling at high speed, suggestive of pulmonary embolism, were noted in all patients in a similar prospective study of patients undergoing laparoscopic cholecystectomy. 34 No changes in PETCO 2 occurred. 5 eral position. This will relieve the mechanical obstruction of the gas "lock" to blood flow through the right ventricular outflow tract. The change in the position places the outflow tract below the right atrium. lnsufflation must be discontinued and the pneumoperitoneum released. Full cardio-pulmonary support must be instituted. Aspiration of gas by large bore catheters in the right heart and pulmonary artery may be of some value. Complete cardiopulmonary by-pass may be required to evacuate the gas "lock"
Summary
Small CO2 emboli occur during LUAS and can be detected by TEE. Such microemboli may increase PE'rCO2. Macroemboli, sufficient to cause a gas "lock" and to decrease PEICO2 and hypotension are also possible. Animal studies suggest that the volume of gas injected and pressure of injection are important. We should be aware that fatal CO2 embolism can occur following the laparoscopy) 5
